computer to determine the sensitivity of the method and was folgeologic structures. Low-frequency ultrasonic reflection/diffraction lowed by two laboratory experiments to determine how well the imaging provides detailed images of an impedance contrast in terms method worked in actuality.
of two-way travel time from the surface to the fracture, which produces a geometrically distorted representation. Several seismic methods were Ultrasonic reflection/diffraction imaging is a suitable method used to sharpen the images, including migration, which greatly for detecting millimeter scale features within solids, while reconenhances horizontal resolution and inverts the image from the travel struction of complex subsurface structures using acoustic time domain back into the depth domain. The resulting images allow reflection/diffraction imaging is well developed in seismic prosquantitative analysis of the geometry and location of the fracture.
pecting of kilometer-scale geologic structures (Claerbout 1996;  Computer-based parametric modeling indicates that velocity changes as small as 5% of the rock matrix velocity can be resolved, and fracture Sheriff and Geldart 1992; Yilmaz 1987) . These specific tomolength and thickness less than 1 mm can be resolved. Laboratory-scale graphic seismic imaging techniques have not been typically applied tests were run on a cast rock-like block with a known flaw (150-mm to ultrasound data. Application of seismic migration methods disk ''sandwich'' of oil-separated polyethylene, total thickness 1.5 enhances resolution of images, and images are appropriately repremm). The processed data allowed quantification of the known flaw as well as revealing a sub-millimeter-thick crack that was created during sented in space. construction of the block. As a final test, the method successfully There are a variety of approaches to detection and imaging of imaged the failure crack in a rock beam under static loading.
features within opaque solids. In small-scale applications, energy sources such as X-rays or ultrasound are used, but X-ray techniques KEYWORDS: wave propagation, rock mechanics, geophysics, are not appropriate for this application since X-rays will not deeply acoustic imaging, fracture, material testing penetrate rock or the steel polyaxial cell. Low-frequency waves typically associated with seismic work have a wavelength much This paper documents the development of a method for imaging too long to detect flaws in a laboratory-scale experiment. Highfractures within a rock in near-real time with ultrasonic frequency waves, or ultrasound, provide a nondestructive, relareflection/diffraction imaging and seismic migration. The capabiltively inexpensive energy source that generates millimeter and subity was needed to image fractures in a large-scale (450-mm 3 ) millimeter scale wavelengths in elastic solids such as rock or metal. hydraulic fracture experiment carried out within a steel polyaxial While ultrasound refers generally to frequencies greater than audicell (Shlyapobersky et al. 1995) . Imaging was achieved with lowble (20 kHz), in medical imaging and nondestructive testing the frequency ultrasound to detect the fracture within the rock, and frequencies of ultrasound used are usually in the 1 to 10-MHz seismic data processing techniques were applied to generate range. In rock fracture application, low-frequency ultrasound in images of the fracture in the space domain from the time-domain the 50 to 700-kHz range is more suitable since rock is attenuative ultrasonic data. The power of these algorithms is their ability to to high-frequency ultrasound (Bourbie et al. 1987 ). reconstruct a two-and-one-half dimensional image (Xu and Bleistein 1994) of very thin impedance contrasts (reflectors) that act as Huygen's sources, allowing contrasts much thinner than Theoretical Background-Reflection Imaging quarter-wavelength to act as diffraction sources (Lo and Inderwiessen 1994; Sheriff and Geldart 1992; Yilmaz 1987) . To differentiate Seismic Imaging this image reconstruction method from the simple pulse-echo reflection location commonly used in ultrasonic nondestructive
The simplest form of seismic imaging is a simple echo, or reflection, scheme as illustrated in Fig. 1a . Two seismic transducers sit some of the energy. These reflections appear as excursions in the tomogram. Reflection tomography, whether used in ultrasound or received waveform, as shown in Fig. 2 . The two-way travel time low-frequency geologic seismic processing, uses the measured is measured and along with the known velocity of the medium travel time of reflected waves within an object to visualize a 2-D yields the depth of the reflector but little else. cross section. Repeated measurements along a line on the surface Quantitatively, an artificially generated wave travels through a provide data for a cross-sectional ''slice'' along that line. Juxtapobody until it reaches a change in acoustic impedance Z:
sition of the reflection events in the travel time traces generates a representation of the subsurface in terms of horizontal distance Z ‫ס‬ V
(1) across the surface of the earth versus two-way travel time in the where V is a seismic wave velocity and is the material density.
subsurface. When such a discontinuity (⌬ Z) is encountered, a portion of the In seismic reflection imaging the configuration of sources and acoustic energy is transmitted through the boundary and a portion receivers is an important factor in imaging. The spacing between is reflected toward the source. The relative amplitudes of signal source and receiver is referred to as offset. There are two standard transmitted (T) and reflected (R) are determined from the Zoepconfigurations for data collection. The first, shown in Fig. 1a , is pritz equations based on the degree of impedance contrast between a common offset gather, where the distance between source and the two layers (Sheriff and Geldart 1992), which for a normally receiver is constant. To achieve this, a source must be moved to incident wave reduces to:
successive positions along the array, or a single source receiver pair may be moved along a line. The configuration shown in Fig. R ‫ס‬
1b is a common source gather. In this configuration, there is one source and an array of receivers. If, as illustrated in Fig. 2 , the source is placed in the center of a linear array, then reflections from a point reflector directly beneath the source will appear as a
hyperbola centered beneath the source.
The most common method of data collection for tomographic where Z 1 and Z 2 are the acoustic impedances of the two contrasting study is to transmit and receive successively from a long line of materials. The resulting ''echo'' is an indication of the location of transmitter/receivers laid out along the surface. As illustrated in a reflector, but a one-dimensional image. ducer position is activated in sequence, and for each activation the For imaging applications, a reflector surface can be considered to be a series of Huygen's secondary sources that are infinitely received signal is recorded at all the transducer positions. Thus, the full-array data set may be considered as a collection of common closely spaced. Each point on the reflector surface will reflect an individual spherical wavelet, and each wavelet will generate a source data sets '' (Chiao and Thomas 1994) .
From Figs. 1 and 2, it is seen that the geometry of the fractures hyperbolic travel time curve. Juxtaposition of these hyperbolae will yield a representation of the reflecting surface, which is repreto be imaged have areal extent in the X-and Y-planes, subparallel to the plane on which the sensor array sits. Imaging resolution sented in terms of surface distance and travel time (Yilmaz 1987) , as illustrated in Fig. 4 . Note, however, that for a body containing must be considered since the goal of this study is imaging an X-Y bounded fracture that is fractions of millimeters thick in the Zlarge natural flaws or inclusions such as aggregate, the scattering due to these sources must be accounted for, a nontrivial task. direction. It is commonly assumed that for reflection imaging the thickness of the feature to be imaged (extent in the Z-direction)
Since an important goal of this research is to measure both the areal extent (X ‫מ‬ Y) and thickness (Z) of a fracture (a reflector), must be greater than 1/4-wavelength (/4) of the interrogating acoustic signal (Yilmaz 1987; Xu and Bleistein 1994) . For the host special attention must be paid to the diffraction at the tip of the reflector. As can be seen from Fig. 4 , energy from the sharp tip body material used in this experiment, the minimum frequency for imaging a 1-mm-thick flaw would be 750 kHz. Experience has is smeared over some width of the hyperbola. This width is a function of the wavelength of seismic energy used and is referred shown, however, that much smaller features can be imaged using reflection/diffraction methods, with layers only /20 to /30 in to as the Fresnel zone (Yilmaz 1987) , which is the width of the hyperbola when the first arrival has just changed polarity. The thickness detectable (Sheriff and Geldart 1992; Yilmaz 1987) . If the mean aperture of the crack is less than the mean size of fracture radius of the Fresnel zone, r, is surface asperities, vertical resolution is not a function of interrogating wavelength at all (Pyrak-Nolte et al. 1990) .
where V is the wave mode velocity, H is the depth of the reflector, Huygen's Principle (Diffraction) and ƒ is the center frequency of the elastic wave. When a wave encounters a reflector with a radius of curvature less than one wavelength, the energy is diffracted rather than Image Sharpening Through Seismic Migration reflected, and imaging is based on Huygen's principle (Sheriff and Geldart 1992; Yilmaz 1987 ). Huygen's principle states that every Seismic migration is a technique to collapse diffractions and move subsurface reflectors to their true horizontal locations in point on a propagating wave front can be considered as a new source point, or Huygen's secondary source (Yilmaz 1987) . Each space (Yilmaz 1987) . In theory, migration focuses the uncertainty zone down to an area with uncertainty equal to the wavelength of secondary source will generate individual spherical wavelets. If receivers are placed to record the arrival time of one spherical the dominant frequency, rather than the Fresnel zone (Scales 1994; Yilmaz 1987 ). wavelet, a hyperbolic trace is generated, with distance on the xaxis and travel time on the y-axis as illustrated in Fig. 2 .
Migration is essentially an inverse problem: given a set of wave-
FIG. 4-Juxtaposition of travel time hyperbolae to form an image of a reflector surface.
forms in the travel time domain, predict the geometry of the reflecdence during image reconstruction, and no unaccounted-for velocity information arriving at the receivers. tors in the space domain. The two methods of migration applied in this project, Kirchoff and phase-shift, were both time migrations. Computationally, Kirchoff migration is achieved through diffraction summation, whereby the energy scattered by reflection or difApplicable Work in Disparate Fields fraction from a reflector is located by summing the amplitudes of the travel time traces along the hyperbola (Yilmaz 1987) . The Ultrasonic reflection tomography is a subset of the much larger area of study known as computed tomographic imaging. Computed reflector is then located by placing the summed energy at the apex of the hyperbola, that is, the energy is mapped back to the location tomographic imaging utilizes computer data processing of reflected and transmitted waves through a plane of a body. In medical imagof the Huygen's secondary source that generated the hyperbola.
Gazdag phase-shift migration utilizes a 2-D Fourier transform ing, the CAT (computer-aided tomography) scan is commonly used to image tissues within the body utilizing X-rays. Tomographic to collapse diffractions and migrate them to proper locations. The travel time data are mapped into frequency-wavenumber space via images of a plane or a slice of the human body are produced. Either transmitted or reflected energy may be used (Green et al. 1991 ). a 2-D Fourier transform. Frequencies are summed at each wavenumber step, and the result is mapped back into distance-time Imaging, or representation of a reflector with correct geometry in its proper location in space, is achieved through reconstruction space via an inverse Fourier transform. This process extrapolates a waveform received at the surface back in time to its location in methods. Achenbach and Zhang (1990) present a method of calculating reflection and transmission coefficients of regions in a bulk depth at time zero.
material containing small fractures. Norton (1992) presents a reconstruction method similar to Kirchoff migration. Norton's Image Sharpening Through Stacking algorithm collapses the hyperbolae generated by a point source.
Norton states that ''since there is a one-to-one correspondence The fact that reflection surveys are made with an array of transbetween each hyperbolic path, the image formation process is carducers ( Fig. 3 ) rather than a single source-receiver pair ( Fig. 1a) ried out by coherently summing, or integrating over all hyperbolic results in added information (Claerbout 1996) . There is a redunpaths in the [time section].'' Chiao and Thomas (1994) present a dancy of data, which allows a check on the accuracy of the data.
theoretical reconstruction method that uses a Green's function and Stacking is an operation that exploits this redundancy by summing the reflected wavefield to image a reflector. An example of medical traces that were reflected off common depth points, augmenting imaging is presented by Ylitalo et al. (1990) in a discussion of the image. A standard method is common midpoint stacking, where computed reflection tomography through human skull bone. Image all traces reflecting at a given subsurface point are summed into reconstruction was achieved using ''an ordinary Fourier slice theocommon midpoint gathers. If the reflector is a flat surface, then rem,'' similar to phase-shift migration (Lo and Inderwiessen 1994) . the waves will also reflect at the same depth. In this case, the stack Finally, Bleistein and Cohen (1980) presented a method for imagis referred to as a common depth point (CDP) gather (Yilmaz ing an inclusion or crack with ultrasound in nondestructive evalua-1987). Figure 3 illustrates the principle of stacking. For example, tion of a spherical titanium sample using a Fourier inversion the multiple rays from Shots 1/5 and 2/4 have a common depth method. point at the 4-m point on the reflector and are averaged together by the stacking analysis. By stacking the data, incoherent noise subtracts, while signals of interest add and hence are augmented.
Numerical Methods The common offset linear array results in the greatest reflection density near the middle of the array, such that the stacked traces All data processing for the experiments described in this paper in the middle of the array have the least amount of noise.
was performed on a Pentium-based PC running the Linux operating system. Stacking and seismic migration methods have been widely developed and refined, such that they are readily available for use Image Sharpening Through Choice of Wave Mode in software packages such as Seismic UNIX (Cohen and Stockwell 1997) . Seismic Unix (SU) is distributed at no cost and designed It has been noted that more than 99% of petroleum-based geophysical exploration ignores the use of shear waves (S-waves) to provide both a processing and a development environment in a structure that can be maintained and expanded to suit the needs (Claerbout 1996) . This is in marked contrast to geotechnical seismic surveying that makes almost exclusive use of S-waves (Woods of a variety of users. The inversion used for parametric modeling is a method devel-1994). There are several distinct advantages for using S-waves in our experiment. S-wave velocities are roughly half that of the oped by Bleistein et al. (1995) . In qualitative terms, the inversion algorithm uses a Green's function as a solution to the wave equaprimary-wave (P-wave) velocity, so that the S-wave wavelength is roughly half that of the P-wave for a given velocity. This roughly tion, analogous to the impulse response of a linear system. By identifying an impulse response, the system can be characterized doubles possible resolution at a given frequency.
S-wave particle motion is perpendicular to the direction of wave and modeled. By using an impulse response characterization of a transmitting medium, propagation, diffraction, and reflection of propagation, so S-waves can be polarized in one of two directions. If shear energy is imparted to the surface so that particle motion waves can be modeled within the medium. In this way, information recorded at the surface can be used to model a reflector in the is perpendicular to the survey line on the body surface, the so-called SH-or shear-horizontal wave, particle motion will be parallel to subsurface. Seismic inversion, in the strictest sense, is mapping of acoustic information recorded at the surface into a representation the strike line of any reflector in a 2-D slice. Particle motion will never move toward the plane of impedance contrast so there will or image of reflectors in the subsurface. To generate a spatial image of the fracture and the process zones, a SU direct common offset never be reflector seattering-mode conversion to P-and SV-wave (from Snell's law). This ensures a simple one-to-one ray corresponinversion routine, suinvvxzco, is used (Cohen and Stockwell 1997).
sponding calculated density were used to calculate the reflection coefficient. In this model, the dilatant tip process zones were represented as spherical regions at the distal fracture boundaries, or tips. Parallel process zones were modeled as rectangular areas above and below the fracture surface, parallel to the fracture plane. This basic model was changed by varying the length and width of the fracture, adding process zones of varying dimensions and velocities, varying the number and spacing of the transducers, and changing the center frequency of the source pulse. A total of 16 cases were calculated for three values of center frequency. Frequencies tested were 250, 500, and 750 kHz, resulting in 48 model cases. Synthetic seismograms for each sensitivity case were generated using a SU routine called susynvxzco (Cohen and Stockwell 1997) . Reflector geometry, source-receiver offset, and source frequencies Computational Modeling Methods are defined by the user, and the routine uses the information to generate common offset synthetic seismograms using KirchoffParametric Model Geometry and Parameters style modeling (Cohen and Stockwell 1997) . This modeling utilizes A computer-based parametric modeling study was conducted to an integral solution to the wave equation to solve the forward determine the level of imaging achievable using migration of a problem of determining the output of a system, given knowledge finely spaced array of ultrasonic reflection data. The geometry of of the input to the system and of the system itself. In this case, the model is based on possible laboratory configurations of the the system is defined in the velocity model and the geometry of specimen within the polyaxial cell (Shlyapobersky et al. 1995) .
Generation and Processing of Synthetic
reflectors input by the user. The polyaxial cell will accept a cubic specimen 460 mm on a Given the current state of wave equation modeling, susynvxzco side. A wellbore is drilled in the specimen and a fracture is initiated models the acoustic problem, i.e., P-waves only without mode conat 230-mm depth from the top surface of the specimen. For imagversion at reflectors. The full elastic problem is considerably more ing, ultrasonic transducers are coupled into the top surface of the complicated, and currently available code can model only a few block. The transducers are evenly spaced in a configuration known wavelengths of time history. Since SH waves, which have no mode as common offset, with offset being a constant distance between conversion upon reflection, are used in the experimental work, the each transducer. Each transducer functions as both a transmitter acoustic wave model illustrates the theoretically maximum resoluand a receiver.
tion possible for the imaging technique. The synthetic seismograms were generated for an array of trans-
The synthetic seismograms are representations of a received ducers ranging in number from 16 to 24. The background velocity waveform in travel time reflected from material boundaries within model, or the velocity of the rock body, was based on experimental the body. A reflection event appears as an excursion in the wavevalues determined for a Torry Buff sandstone (Shlyapobersky et form, and the amplitude of the reflection event is proportional to al. 1995). The average S-wave velocity in the specimen was meathe reflectivity of the boundary. Hence, boundaries between media sured at 2.7 mm/s. with large differences in velocity and density will reflect more As shown in Fig. 5 , the fracture was modeled as a flat, circular strongly than media with small differences in respective velocities reflector radiating in a plane perpendicular to the wellbore. This and densities. Process zones then appear as faint excursions, while fracture was modeled as 2 mm thick. For this model, 24 transducers the fracture reflects strongly as a large-amplitude excursion. in a common offset array were used, and the source frequency was 500 kHz. The rock matrix velocity was 2.7 mm/s, and the crack Experimental Methods is assumed to be filled with fluid having a velocity of 1.5 mm/s. Since the goal of this project was to examine the crack tip proTest Block Materials and Geometry cesses, a model with process zones, shown in Fig. 5 , was examined to determine whether the method was sensitive enough in theory In order to evaluate the ultrasonic imaging technique under conto image these subtle velocity perturbations. Fracture mechanics trolled conditions, a 228 by 305 by 381-mm test block was contheory indicates that at the tip process zones, the velocity is typistructed from a uniform rock-like material. The block was made cally decreased due to slightly lowered densities caused by dilatant from Die-Keen, a gypsum cement used for making dental molds spreading (Shlyapobersky and Chudnovsky 1994). Parallel process that sets in 10 to 13 min with 0.18 to 0.20% expansion (Heraeus zones are areas with slightly increased velocities caused by 1996). A summary of material properties is given in Table 1 . A increased density from compaction of material above and below the fracture as it opens (Groenenboom 1994). Density change can Gardner et al. 1974) . The assigned velocity and the corre-tion, gain was applied to the data. By applying gain, the large amplitude surface wave signals were amplified ''off the scale,'' while the smaller reflection signals were amplified and preserved. The gain function g(t) used in SU was a simple exponential multiplier
where p is an arbitrary value and the data was simply multiplied by g(t). The exponential gain compensates for the exponential character of amplitude decline of the signal in the body, amplifying the later time signals more than the early time signals. To achieve accurate imaging, Gazdag phase-shift migration was performed on the data to locate the reflector (the flaw) appropriately in space, which allows the data to be viewed in the depth domain as a spatial image rather than the time domain. The velocity model of the block was simplified to a uniform model of 2.08
FIG. 6-Transducer arrangement on Die Keen test block.
mm/s. known flaw was placed inside the block, composed of two polyethLoad Test Experiment ylene sheets with a thin layer of hydraulic oil between them. The An additional dynamic loading experiment was conducted on geometry of the flaw, given in Fig. 6 , is 150 mm in diameter and one quarter of a 460-mm cube of partially fractured Leuders Lime-1.5 mm in thickness and is located at a depth of 180 mm from the stone specimen from a previous hydraulic fracture experiment. As top surface of the block and 76 mm from the sides.
shown in Fig. 7 , the sample was instrumented with 12 shear transThe velocity profile of the test block had to be accurately mapped ducers on one surface to provide reflection data. The block was so that the correct velocity model could be applied to the migrated placed under a three-point load, which increased the width of the data. A 75-mm-square grid was drawn on the block perimeter, and fracture, and ultrasonic reflection data were acquired. The block compressional and shear velocities were measured at each grid with the fracture, the loading, and the active transducer configuranode. The source transducer was excited with a single-cycle 250-tion is shown in Fig. 7 . The transducers were numbered from 1 to kHz tone burst. Velocity was calculated based on the measured 12 with Transducer 1 in the upper left hand corner and Transducer thickness of the test block and travel time.
12 in the lower right corner. The offset between transducers was These experiments used 250-kHz resonant transducers custom 25 mm. manufactured by Valpey Fisher Co. These transducers had ade-
The block was placed under load to create a three-point bending quate signal detection but resonated significantly, such that test that caused the fracture to open but not propagate. All transreceived signals had a very long duration (were very ''ringy'').
ducers acted as SH-wave sources and receivers, sequentially firing An array of 15 shear transducers were used for imaging. The transeach transducer while the others received. The source pulse was ducers were coupled to the top surface of the test block at 2-mm a 250-kHz tone burst generated by a RITEC ultrasonic pulser. One offsets with cyanoacrylate gel. The linear array was used to provide data trace was taken while the block was not loaded, and ten traces an image of a ''slice'' through the test block. The transducer were taken while the block was under 20-kN load, resulting in arrangement is shown in Fig. 6 . Since the flaw is located toward eleven traces in each waveform file. The trace number correone side of the block, the array was placed to achieve maximum sponded to the progression of the experiment, with Trace 1 at the coverage of the flaw.
beginning of the experiment (no load), Trace 2 taken under load
Data Processing and Imaging
Several practical issues favor the use of S-waves in these experiments. Experiments have shown that S-waves gave much greater reflector contrast, especially in the fluid-filled specimens. The compressional velocity of the test block and rock specimens was such that reflections off the flaw and the bottom surface of the block arrived in the same time duration that the surface waves existed. The slower shear velocity resulted in reflected signals arriving at a time after the surface waves had attenuated. Since the surface waves interfered significantly with resolution of reflected compressional signals, shear wave transducers were used. Received waveforms from shear transducers showed early arrivals of high-amplitude surface waves, which died out and were followed by clear reflections either off the flaw or the bottom surface of the test block.
The data were filtered using a 4-pole Butterworth 2-way bandpass filter with corner frequencies of 150 and 350 kHz. Common offset and common shot gathers were then extracted. After correla-at time t, Trace 3 taken at time t ‫ם‬ 1, etc. Traces 2 through 11 point 4 is the trace generated from the No. 4 transducer as the source and received on the No. 5 transducer. Figure 8b is the same were under the same load and were essentially identical.
The data for this test were processed in the same manner as for model after inversion. The image has been filled with a grayscale pattern for improved image resolution. The inversion used the the block just discussed. In this case, the switching equipment did not have the degree of signal isolation (about 90 dB) that the local velocity model to convert the travel times to depth; therefore, this image is represented correctly in the space domain. Cytec matrix used for the model block experiment (about 180 dB), and had significant electrical crosstalk problems. Correlation with Time-domain results of the process zone model interrogated by a 250-kHz center frequency are shown in Fig. 9a . The fracture to the source signal yielded the best results in terms of image resolution. The large amplitude electrical crosstalk and surface wave be imaged is 200 mm long, infinitesimally thin, has 10-mm-thick process zones parallel to the top and bottom surfaces of the crack, arrivals were removed while the reflections off the fracture were amplified by the gain function (Eq 4). Finally, the data were stacked and tip process zones 15 mm in diameter. The matrix SH-wave velocity is 2.7 mm/s, the fracture is modeled with an SH-wave in an effort to maximize the reflection off the fracture and minimize any incoherent noise that hampered image resolution. velocity of 1.5 mm/ms, the tip process zones have velocity decreases of 10% below the matrix velocity, and the parallel process zones have velocity increases 5% above the matrix velocity. Results Figure 9b is the process-zone model after inversion. The figure has again been filled with a grayscale pattern for improved image Results of the Parametric Modeling resolution. Only results of representative cases will be discussed here, with details found in Hand (1997) . Figure 8a is the synthetic seismo-
Results from the Imaging of the Test Block gram for a simple 200-mm-long fracture with no parallel or tip process zones. The seismogram is presented with two-way travel Figure 10a is a common shot gather from Transducer 12, that is, this section consists of waveforms received on all transducers time on the vertical axis and mid-point on the horizontal axis. The midpoint corresponds to horizontal distance across the top surface from pulses input at Transducer 12. The surface waves are visible on receiving transducers adjacent to the source, but are blocked of the block and is located between transducers. Therefore, Mid- from further receiver positions. The flaw is also visible from 0.19 for this experiment. The width of the flaw, which was 1.5 mm thick, is not resolvable from any of the data collected. The ringing to 0.14 ms on the vertical axis. Figure 10b is the same common shot panel after correlation and gain. Each trace occurs at the midpoint of the transducers and the long time-duration of the signals results in an anomalously thick fracture, or smudgy image. between two transducers. The vertical axis is two-way travel time. The early high-amplitude arrivals are the surface waves. At approximately 0.17 ms, reflections off the flaw are visible at Midpoints
Results from the Imaging of the Load Test 4 to 11. This travel time corresponds to the depth of the known flaw.
The common shot gather shown in Fig. 12a gives a good representation of the preexisting fracture in this quarter-section of a Figure 11a shows the stacked section after application of a bandpass filter (150 to 350 kHz), correlation with the reflection wavesandstone previously tested in the polyaxial cell. This travel time section is compiled from the ninth trace of all the waveform files form described in the previous section, and application of the gain function. The flaw is visible at 0.17 ms. Figure 11b is the migrated generated from firing on Transducer 12. The vertical axis is travel time in milliseconds, and the horizontal axis is the receiver. The stacked section. The stacked section in the time domain did not exhibit the moveout that the common shot section did, so the migrareflection off the fracture is seen at roughly 0.19 ms, with tip diffractions and moveout observed as increasing travel times at tion of the reflector in space is not as evident. The section does, however, present representation of the flaw in the space domain.
Receivers 6, 5, and 4. The reflection off the fracture is seen at roughly 0.19 ms, with tip diffractions and moveout observed as The flaw is visible at a depth of 180 mm, and the length of the flaw can be estimated at approximately 160 mm. The length of increasing travel times at receivers 6, 5, 4, 3, 2, and 1. Using a velocity of 2.4 mm/s (the measured velocity of shear waves the flaw can be determined by counting the number of common depth points (CDPs) on which the flaw is visible and multiplying through this limestone), this reflection time corresponds to a depth of 228 mm, which is the actual location of the fracture. The source by the offset distance. In this case, the offset distance for the CDP is one half the transducer offset, or 10 mm. The flaw is evident waveform is clearly seen in Receivers 1 through 9, with increasing shot noise closer to the source. At Receiver 11, the source shot on CDPs 5 through 21, giving a length of 160 mm. The actual length of the flaw was 152 mm, giving a length error of about 5% noise is significant. The far wall reflection is weak and is seen only at the bottom of Traces 9, 10, and 11. The migrated section 0.11) and 3.66 mm/s (standard deviation 0.16) were calculated for shear and compressional waves at 250 kHz, respectively. Evaluin Fig. 12b was correlated and gained before migration, and this gives an improved image of the reflecting surfaces of the fracture ation of measured velocities show slightly increased velocities lower in the block, but the small standard deviation reinforces and the far wall.
constant velocity assumption made. Additionally, there is a significant velocity decrease in the region over the flaw. This decrease Discussion suggests the presence of some type of discontinuity in the material properties, which in this case is the known flaw. The resonant Discussion of the Parametric Modeling character of the transducers precluded ''thickness'' imaging, with the sensor adding a ringing tail to the reflected signals. Study of the inverted data for the simple crack model shown in Fig. 8b reveals that the modeled fracture is evident as the sharp feature at 230-mm depth. Note that both the top and bottom boundImaging the Test Block aries of the fracture are visible and that the width of the fracture is evident. Reflections off the sides of the block appear as faint
The raw data from a common shot gather from the test block were introduced in Fig. 10a , from which the reflections off the arcing lines off the tips of the fracture. Based on the matrix velocity of 2.7 mm/s at a frequency of 500 kHz, the wavelength of the known flaw can clearly be seen from 0.14 to 0.19 ms. Figure 10b shows the same panel after correlation and gain were applied to acoustic wave in the model is approximately 5 mm. The fracture thickness is 2 mm, or slightly less than half the wavelength.
enhance the desired information. Note the long duration of the reflections off the fracture. This results in a ''smudged'' image The inversion of the process zone model was introduced in Fig.  9b , from which the modeled fracture is visible as the high-amplithat should otherwise appear as a fairly sharp, flat, discrete reflection event. In the common shot gathers shown in Figs. 10a and tude reflection, while the process zones are visible as lower amplitude excursions. In this image, the modeled fracture is visible as 10b the reflector surface appears slightly curved. This curvature, known as moveout, is a function of the spacing of the transducers a sharp feature at 230-mm depth. The boundaries of the parallel process zones are visible as fainter horizontal lines above and and the velocity of the medium. Moveout is very similar to the manifestation of a hyperbolic travel time path of single Huygen's below the fracture. The tip process zones appear as wavy regions at the tips of the fracture. The decreased velocity of the tip process reflector. Migration moves the reflector, which is in reality flat, to its proper location in space. For the test block used in this study, zones is apparent in the increased travel times of these reflections. The model results indicate that boundaries on process zones are the Freznel zone is about 5.5 mm, and migration improves the lateral resolution to about 0.85 mm ( at 250 kHz). detectable and that fractures can be imaged even when they are very small relative to source pulse wavelength.
To improve the image, the traces were correlated with a reflection waveform, resulting in constructive summing with reflected The 48 different parametric cases were also modeled with white noise added to produce a signal-to-noise ratio of 20. Noise was signals to improve amplitude and destructive summing with noise and surface wave signals. The correlation filter was selected from added to duplicate uncertainty and noise that will occur in actual laboratory experiments. Addition of noise did not make a signifithe source transducer 4-receiving transducer 5 dataset and included information in the time window 0.174 to 0.179 ms. After correlacant difference in image resolution. The reflections off the fracture and process zone boundaries were large relative to noise signals tion and gain, the waveforms (Figs. 10b, 11a , and 11b) have a slightly different appearance, with early large-amplitude surface and were easily discernible in all cases.
waves removed by amplifying them ''off the scale.'' Correlation increases the amplitude of the reflections, but does Discussion of the Test Block not compress them in time duration. Some smaller amplitude ''ringing'', however, is slightly amplified. Also, signals arriving Seismic velocities were measured at 26 grid nodes on the test block, and average velocities of 2.07 mm/s (standard deviation from below the flaw are amplified by the gain function. Overall, signals off the flaw are amplified and highlighted by correlating in construction of the block was imaged, providing quantitative information on its location and length. This image proved the lowwith a reflected waveform and by applying gain. Since the quality of an image may be somewhat subjective, the specific goal of frequency ultrasonic reflection/diffraction method adequate for detecting a flaw fractions of a millimeter in thickness. the image should be considered. The data processing applied here emphasizes the reflections off the flaw. If the objective of imaging
The results of the parametric models provide a goal or standard for imaging efforts. The parametric models indicate that the parallel is to view more widespread features, a different processing approach may be used.
and tip process zones of hydraulically created fractures might be imaged with low-frequency ultrasonic reflection. A suitably dense Figure 11a shows the panel after stacking removed some of the large amplitude ringing in the signals and decreased the amplitude array of nonresonant transducers should provide data that will allow imaging of these process zones. Imaging of the process zones of the surface waves relative to the amplitude of the signals reflected off the flaw. Starting at common depth point (CDP) 19 may provide further information into the mechanics involved in hydraulic fracturing. at 0.17 ms and extending to CDP 27 at approximately 12 ms, a diagonal feature is evident. The location on the panel corresponds Stacking, with correlation and gain, seemed to provide the best results in terms of imaging the flaw with the greatest reduction in to a hair-line crack that was most likely generated when the mold was removed from the test block. Close visual inspection shows noise and ringing. While the signals were too long in the time domain (ringy) to produce an image in which fracture thickness that there is indeed a sub-mm crack on the block intersecting the surface of the block near Transducer 15 at a depth of 12.3 cm, could be resolved after migration, the fracture is clearly evident. and at a dip corresponding to that shown in Fig. 11 . 
